L arge brain metastases with a clinically relevant mass effect should be removed surgically, as 2 prospective randomized trials found significantly improved survival and functionally independent survival after resection as compared with whole-brain radiotherapy (WBRT) alone. 25, 30 Furthermore, as compared with resection alone, better treatment results can reportedly be anticipated with the addition of WBRT. 13, 24 Although stereotactic radiosurgery (SRS) in a single fraction is generally used for treating cancer patients with brain metastases, this ABBREVIATIONS C-series = Chiba series; fSRT = fractionated stereotactic radiotherapy; GK = Gamma Knife; HR = hazard ratio; IQR = interquartile range; KPS = Karnofsky Performance Status; LINAC = linear accelerator; MRI = magnetic resonance imaging; M-series = Mito series; MST = median survival time; SRS = stereotactic radiosurgery; WBRT = whole-brain radiation therapy; 2-st-GK-Tx = 2-stage GK treatment; 3-st-GK-Tx = 3-stage GK treatment. OBJECTIVE The results of 3-stage Gamma Knife treatment (3-st-GK-Tx) for relatively large brain metastases have previously been reported for a series of patients in Chiba, Japan (referred to in this study as the C-series). In the current study, the authors reappraised, using a competing risk analysis, the efficacy and safety of 3-st-GK-Tx by comparing their experience with that of the C-series. METHODS This was a retrospective cohort study. Among 1767 patients undergoing GK radiosurgery for brain metastases at Mito Gamma House during the 2005-2015 period, 78 (34 female, 44 male; mean age 65 years, range 35-86 years) whose largest tumor was > 10 cm 3 , treated with 3-st-GK-Tx, were studied (referred to in this study as the Mseries). The target volumes were covered with a 50% isodose gradient and irradiated with a peripheral dose of 10 Gy at each procedure. The interval between procedures was 2 weeks. Because competing risk analysis had not been employed in the published C-series, the authors reanalyzed the previously published data using this method. RESULTS The overall median survival time after 3-st-GK-Tx was 8.3 months (95% CI 5.6-12.0 months) in the M-series and 8.6 months (95% CI 5.5-10.6 months) in the C-series (p = 0.41). Actuarial survival rates at the 6th and 12th post-3-st-GK-Tx months were, respectively, 55.1% and 35.2% in the M-series and 62.5% and 26.4% in the C-series (HR 1.175, p = 0.42). Cumulative incidences at the 12th post-3-st-GK-Tx, determined by competing risk analyses, of neurological deterioration (14.2% in C-series vs 12.8% in M-series), neurological death (7.2% vs 7.7%), local recurrence (4.8% vs 6.2%), repeat SRS (25.9% vs 18.0%), and SRS-related complications (2.3% vs 5.1%) did not differ significantly between the 2 series. CONCLUSIONS There were no significant differences in post-3-st-GK-Tx results between the 2 series in terms of overall survival times, neurological death, maintained neurological status, local control, repeat SRS, and SRS-related complications. The previously published results (C-series) are considered to be validated by the M-series results.
strategy is generally not recommended for patients with larger brain metastases, due to the increased risk of later edema development with associated delayed side effects. Instead, fractionated stereotactic radiotherapy (fSRT) has been widely used for such conditions, employing a linear accelerator (LINAC) system. However, because frame placement is necessary in Gamma Knife (GK) SRS, fSRT is difficult to perform. Therefore, the herein-described staging technique was introduced. Higuchi et al. reported on 43 patients who underwent a novel procedure, 3-stage GK treatment (3-st-GK-Tx) with a 2-week interval between stages. 6 A new GK system, Icon (Elekta AB), recently became available. With this system, not only framebased but also mask-based fixation can be used. Therefore, oligo-fractionated irradiation can now be performed more easily than was previously possible.
Nevertheless, there is surprisingly little information on 3-st-GK-Tx. In this study, we reappraised the efficacy of this approach, focusing especially on maintenance of neurological status, local control, and the safety of this treatment strategy, using our prospectively accumulated data set of our patients who underwent 3-st-GK-Tx for brain metastases with a volume exceeding 10 cm 
Methods

Patient Population
This was an IRB-approved (Tokyo Women's Medical University IRB) retrospective cohort study using our prospectively accumulated database including 3160 consecutive patients who underwent GK SRS for brain metastases during the period from 1998 through 2016. We started 3-st-GK-Tx in December of 2005. During a subsequent 10-year-period, 1767 patients with brain metastases underwent GK SRS at our facility. Among these 1767 patients, 78 whose largest tumor exceeded 10 cm 3 in volume and who were treated with 3-st-GK-Tx were studied (M-series; 34 women and 44 men, mean age 65 years, range 35-86 years) . Because all patients were referred to our institution by their primary physicians, the first author (M.Y.) decided whether or not SRS could be performed. Our facility performed only GK treatment (we are not equipped with other irradiation systems). Therefore, all patients referred to the first author (M.Y.) were seeking consultation regarding GK treatment. If a physician responsible for the patient had recommended another fractionated scheme using a LINAC system, a referral to the first author (M.Y.) would not have been made. Basically, we did not perform SRS on patients with low Karnofsky Performance Status (KPS) scores because of systemic diseases, a non-cooperative state due to poor neurocognitive function, meningeal dissemination, and/or an expected survival period of 3 months or less. In the series of 78 cases, SRS rather than surgery was recommended by primary neurosurgeons because of high risk with general anesthesia due to progression of non-brain diseases in 32 cases and because of the patient's relatively advanced age, 65 years or older, in 27 cases. The 19 remaining patients had anxiety regarding surgery and refused it. As mentioned above, fSRT was difficult to perform using a GK because of the need for frame-based treatment, and the herein-described staging technique was introduced instead.
Baseline characteristics of the 78 patients are shown in Table 1 , along with those of the 43 C-series patients. For analyses of these C-series patients, we used the database that had been used at the time of publication, 6 but we used an updated version for the present investigation. Because all patients had been referred to our institution, as noted above, primary physicians had already made the decision as to whether or not to perform surgery or WBRT for brain metastases. For this reason, 5 (6.4%) of the 78 M-series patients had undergone surgery and 3 (3.9%) had undergone WBRT before 3-st-GK-Tx. The modified recursive partitioning analysis was used for determining the prognostic grade.
36,38
Radiosurgical Techniques
The treatment strategies were explained in detail to each patient, as well as at least 1 adult relative, and written informed consent was obtained from all patients by the first author (M.Y.) before the treatments were administered. As we previously described our radiosurgical techniques in detail, 36, 38 they are not repeated herein. Briefly, SRS was performed employing a Leksell GK Model C unit (Elekta AB) before December 2013 and, thereafter, a Leksell Perfexion unit (Elekta AB). We applied 3-st-GK-Tx techniques, as reported by Higuchi et al. 6 -i.e., the target volumes were covered with a 50% isodose gradient and irradiated with a peripheral dose of 10 Gy for each procedure. 7 The interval between procedures was 2 weeks. Frame fixation and dose planning were performed for each procedure. In patients who also had small tumors, these were irradiated with single-session SRS (19.00-24 .00 Gy at the tumor periphery) mostly at the time of the first procedure or, less commonly, at the time of the third procedure. Therefore, in the M-series, the median cumulative number of tumors was 2 (range 1-31, IQR 1-6), as shown in Table 1 . In this series, the median number of tumors irradiated using 3-st-GK-Tx was 1 (range 1-31, IQR 1-2). In these subsets, the median cumulative volume was 23 ). Volume changes of the largest tumors, in response to the 3 irradiation sessions, are presented as a real number (Fig.  1 left) and as a percentage against the first tumor volume (Fig. 1 right) .
Clinical Outcomes
All patients were recommended to receive clinical follow-up as well as magnetic resonance imaging (MRI) at 2-month intervals for 12 months following 3-st-GK-Tx and, thereafter, at 3-month intervals. After 3-st-GK-Tx, the primary endpoint was overall survival, and the secondary endpoints were neurological death, neurological deterioration, local recurrence of the treated tumor, irradiation-induced major complications, and further salvage SRS for new or recurrent lesions. For each endpoint, failures were regarded as events and any others as censored. Overall survival time was defined as the interval between the first procedure day of the 3-st-GK-Tx and death due to any cause (progression of systemic metastases and/or brain metastases, other disease unrelated to cancer, accident, suicide, and so on) or the day of the last follow-up. Neurological death was defined as death caused by any intracranial disease, including tumor recurrence, carcinomatous meningitis, cerebral dissemination, and progression of untreated intracranial tumors. Cumulative local recurrence incidence was calculated as the interval between the first session of 3-st-GK-Tx and the day when follow-up MRI demonstrated local recurrence. Basically, local recurrence was detected by MRI (regression of enhanced area on T1-weighted MRI obtained after contrast agent administration and enlarged tumor core on T2-weighted MRI). 11 However, in some cases in which MRI raised suspicion of recurrence, methionine positron emission tomography was used for determining whether or not the tumor had recurred. 20, 22 All findings of recurrence on MRI were regarded as events and any others as censored.
Also, repeat SRS-free survival time was defined as the interval between the 3-st-GK-Tx and the day the repeat SRS was performed; all repeat SRS procedures for such lesions were regarded as events and any others as censored.
Neurological deterioration-free survival time was defined as the interval between the first session of 3-st-GKTx and the day when any neurological worsening due to brain disease manifested (that is, local recurrence, progression of new lesions, and SRS-induced complications). Decreases in KPS score due to neurological worsening in patients with scores of 20% or less were regarded as events and any others as censored. Patients with major complications included those with Radiation Therapy Oncology Group (RTOG) neurotoxicity of grade 2 or worse and, even if the grade was either 0 or 1, those in whom surgical intervention was required based on sequential MRI follow-up demonstrating progressive enlargement of a cyst and/or a mass lesion making further observation excessively high risk. 26 SRS-induced complications included MRI-demonstrated enlargement of a heterogeneously enhanced area without clear evidence of a tumor core on T2-weighted images and with remarkable perifocal edema. All of these conditions were regarded as events and any others as censored.
Our above-mentioned criteria for neurological death, neurological deterioration, local recurrence, and complications have been widely confirmed based on our previous publications.
14,31-36,38
Statistical Analysis
We analyzed all of the data according to the intentionto-treat principle. For baseline variables, summary statistics were constructed with frequencies and proportions for categorical data and with medians, interquartile ranges (IQRs), and full ranges for continuous variables. The standard Kaplan-Meier method was used for overall and neurological death-free survivals. Also, univariate and For time-to-event outcome analyses of the 4 aforementioned endpoints, a competing risk analysis was applied because death is a competing risk for these endpoints. The standard Kaplan-Meier method was applied, i.e., follow-up results from those developing a competing event (specifically, death) were simply censored. We consider competing risk analysis to have been necessary for meaningful evaluation of these data. Also, to identify baseline and clinical variables associated with the 4 aforementioned outcomes, competing risk analyses were applied employing the Fine-Gray generalization of the proportional hazards model accounting for death as a competing risk.
3,4 The Fine-Gray generalization specifically makes use of the subdistribution hazard to model cumulative incidence, thereby quantifying the overall benefit or harm of an exposure.
All comparisons were planned, and the statistical tests conducted were 2-sided. A p value of less than 0.05 was considered to indicate a statistically significant difference. A statistician (Y.S.), using SAS software version 9.4 (SAS Institute), performed all analyses. Before the statistical analyses, the database was cleaned by one of the coauthors (Y.H.). Neither of these authors was involved in either the SRS treatment protocol or patient follow-up.
Results
In the M-series, the median follow-up time for 13 censored observations was 16.0 months (IQR 11.7-28.1 months, maximum 80.7 months) after the 3-st-GK-Tx, and 65 patients (83.3%) had died as of the end of September 2016. Actuarial survival proportions were 55.2%, 35.2%, 22.1%, and 7.7% at 6, 12, 24, and 36 months, respectively, after the 3-st-GK-Tx (Fig. 2) . The crude incidences of neurological death (14.3% in the C-series vs 13.8% in the M-series, p > 0.99), neurological deterioration (18.6% vs 18.0%, p > 0.99), local recurrence (7.0% vs 9.2%, p = 0.66), repeat SRS (25.6% vs 22.1%, p = 0.65), and SRS-related complications (2.3% vs 5.1%, p = 0.36) are compared between the 2 case series in Table 3 . Salvage WBRT was necessary in 1 (2.3%) of the Cseries patients but none of the M-series patients (p = 0.35), while salvage surgery was required in 3 (3.9%) of the M- (Table 3) .
In 61 (78.2%) of 78 M-series patients, steroid treatment was initiated a few weeks prior to or after the first session of 3-st-GK-Tx and was continued for 3-42 weeks (median 8 weeks, IQR 8-12 weeks) after the initial session.
No neurological deficits were noted at the time of the first 3-st-GK-Tx session in 17 of the 78 patients in the M-series. In these 17 patients, no neurological worsening occurred during a median observation period of 28 weeks (range 3-151 weeks, IQR 11-109 weeks) until the day of the final follow-up or patient death. Among the 61 remaining patients, neurological symptoms showed normalization in 21 (34.4%) and improvement in 29 (47.5%) for 1-23 weeks (median 9 weeks, IQR 4-13 weeks) after 3-st-GK-Tx. However, no improvement was noted after 3-st-GK-Tx in the other 11 (18.0%) during the median observation period of 12 weeks (range 3-145 weeks, IQR 4-24 weeks).
In 172 M-series patients who underwent a single session of SRS for brain metastases of 10 cm 3 or larger during the same study period, MST was 6.5 months (95% CI 5.1-7.7 months) (HR vs patients with 3-st-GK-Tx 1.285, 95% CI 0.946-1.770, p = 0.1103). The crude incidences of neurological death, neurological deterioration, local recurrence, repeat SRS, and SRS-related complications were 10.6%, 13.4%, 8.1%, 20.2%, and 4.1%, respectively.
Discussion
In Japan, the 3-st-GK-Tx procedure has been widely applied for patients with relatively large brain metastases or small brain metastases located in anatomically critical brain structures. However, as yet, validity testing of this technique has not been performed. Therefore, we reappraised the efficacy and safety of 3-st-GK-Tx using our own data set. Also, we compared our treatment outcomes with those of the C-series, which we reanalyzed using a competing risk analysis because only Kaplan-Meier analysis had been applied in the original publication by Higuchi and colleagues. 6 The study periods differed between these 2 series (2002-2006 for the C-series vs 2005-2015 for the M-series). Furthermore, as shown in Table 1 , there were some disproportions between the 2 series in neurological symptoms, primary cancer status, extracerebral metastases, and the cumulative and largest tumor volumes. However, this 2-institutional retrospective study demonstrated that the post-3-st-GK-Tx results were remarkably similar between the 2 series in terms of overall survival times, neurological death, maintained neurological status, local control, repeat SRS, and SRS-related complications. We consider this study to be the first validation of the post-3-st-GK-Tx results reported by Higuchi et al. 6 Although MSTs did not differ significantly between the 2 patient groups, as described above, actuarial survival rates differed remarkably at 12 months after 3-st-GK-Tx (Fig. 2) . We speculated that these differences were attributable to the availability of target agent treatment because of the differences in the study periods (i.e., [2002] [2003] [2004] [2005] [2006] for the C-series vs 2005-2015 for the M-series). In lung cancer patients, the difference in survival rates at the 12th post-3-st-GK-Tx month or later was remarkable (28.1% in the C-series and 50.7% in the M-series). However, there were no significant differences in survival rates for nonlung cancer patients between the 2 series (25.8% in the C-series vs 22.0% in the M-series patients).
Higuchi et al. described a total dose of 30 Gy delivered in 3 stages with an interval of 2 weeks as being equivalent to a single administration of 20 Gy. 6 The 20-Gy dose was generally used in GK radiosurgery for relatively small brain metastases and was considered to be both effective and safe, achieving 80%-90% tumor control rates with complication incidences of less than 5%. 37, 39 However, even in cases in which tumor volumes exceeded 10 cm 3 , our study showed crude tumor control rates to be 93.0% in the C-series and 90.8% in the M-series, and the respective crude complication rates were 2.3% and 5.1%. Although debate continues as to whether it is appropriate to apply a linear quadratic method for high dose per fraction effects in radiosurgery, 12, 29 the prescription dose of 10 Gy with an interval of 2 weeks was essentially equal to 60 Gy as the biological equivalent dose to malignant cells (alpha/ beta ratio of 10) based on the linear quadratic model. The biological equivalent dose (alpha/beta ratio of 2) was 180 Gy. Furthermore, as compared with fSRT, staged SRS for brain metastases is considered to be the most beneficial regarding reoxygenation and reduced tumor volume over the 3 procedures (Fig. 1) and, furthermore, no interruption of systemic anticancer agent treatment is necessary.
In modern-day clinical care of patients with brain metastases, maintenance of good neurological function and, ultimately, a decreased incidence of neurological death have recently been recognized as crucial goals. The JLGK0901 study showed crude incidences of neurological deterioration and neurological death to be 12% and 8%, respectively, in patients with tumor volumes smaller than 10 cm 3 treated with a single session of GK radiosurgery. 37, 39 In the present study, crude incidences of neurological deterioration (18.6% in the C-series and 18.0 in the M-series) and neurological death (14.3% in the C-series and 13.8 in the M-series) were somewhat poorer than those obtained in the above-mentioned JLGK0901 study. However, in patients with relatively large brain metastases who underwent surgical removal followed by WBRT or radiosurgery, neurological death rates of 14%-33% have been reported. [7] [8] [9] 13, 16, 24, 28 Most notably, among the 61 neurologically symptomatic patients, neurological symptoms fully resolved or showed significant amelioration in 50 (82.0%) during the relatively short post-3-st-GK-Tx intervals (median 9 weeks, IQR 4-13 weeks), although steroid treatment was necessary in 48 (78.7%) of the 61 patients.
Using a LINAC system, fSRS has generally been performed for the treatment of brain metastases. The dose selection and fractionation protocols for brain metastases with a size of 2.5-3.0 cm or larger varied from 18-53 Gy with 2-15 fractionations. 10, 15, 17, 19, 21, 23 Cumulative incidences of local tumor control were reportedly 61%-96% at the 12th post-irradiation month and crude incidences of fSRSrelated complications were 6%-14%. Our herein-reported 15 Our neurological death results, 14.3% in the C-series and 13.8% in the M-series, were slightly better than those of the 2 above-described series.
Because 3 procedures are regarded as placing a major burden on both patients and physicians, 2-staged GK radiosurgery (2-st-GK-Tx) was proposed by Yomo et al. 40, 41 Their treatment strategy involved total doses of 20-30 Gy being delivered in 2 sessions with an interval of 3-4 weeks. Based on data from 58 patients, they found that the MST after 2-st-GK-Tx was 11.8 (95% CI 5.5-15.6) months and that 1-and 2-year post-2-st-GK-Tx survival rates were 47% and 20%, respectively. Of 44 deceased patients, only 5 (11%) had died due to brain tumor progression and the 1-and 2-year post-2-st-GK-Tx, neurological death-free survival rates were 91% and 84%, respectively. Furthermore, the 6-and 12-month post-2-st-GK-Tx local tumor control rates were 85% and 64%, respectively. Three patients (5%) developed symptomatic radiation injury, necessitating conservative management. Therefore, Yomo and colleagues concluded that, as an alternative to 3-st-GK-Tx, 2-session GK radiosurgery should possibly be offered to patients with large brain metastases who are in poor condition or are, for any reason, ineligible for standard care. The results of 3 retrospective investigations regarding 2-st-GK-Tx were recently reported ( Table 4 ). The local recurrence rates in these studies ranged from 12.1% to 15.0% and complication incidences from 1.9% to 6.4%, results very similar to those obtained with 3-st-GK-Tx. 1, 2, 5 The next question is whether 3-st-GK-Tx or 2-st-GKTx is the better option in terms of patient outcomes. Very recently, Serizawa et al. reported a multi-institutional retrospective study designed to compare the treatment results of these 2 protocols (i.e., 3-stage or 2-stage treatment). 27 Based on 106 patients in each group after case matching, MST was longer in the 3-st-GK-Tx group (16.1 months [95% CI 12.0-20.0 months]) than that in the 2-st-GK-Tx group (11.3 months [95% CI 8.5-16.9 months]). However, this difference was not statistically significant (HR 1.080, 95% CI 0.776-1.502, p = 0.65). The cumulative incidences of tumor progression (16.1% vs 11.6% at 1 year, p = 0.31), neurological death (5.1% vs 6.0% at 1 year, p = 0.58), and serious radiation-related adverse events (3.0% vs 4.0% at 1 year, p = 0.49) did not differ significantly between the 2 groups.
As mentioned above, fSRS has been widely applied for managing relatively large brain metastases. 10, 15, 17, 19, 21, 23 Formerly, however, GK was rarely employed for oligo-fractionation because the standard GK radiosurgery technique required a pin-based head frame. For the past few years, the Elekta Extend bite-block palatal vacuum immobilization system has been available. This system facilitates performing oligo-fractionated GK SRS. McTyre and colleagues reported on 34 patients with meningiomas, pituitary adenomas, vestibular schwannomas, hemangiomas or brain metastases. 18 Although the follow-up period in their study was brief, they concluded that fractionated GK SRS using this system was well tolerated in patients undergoing irradiation for large tumors. However, the Extend system is not as yet in widespread use due to its technical complexity.
A few years ago, an innovative GK unit, the Leksell Gamma Knife Icon (Elekta AB), became commercially available. This new model is anticipated to make fractionated GK radiosurgery more accessible because it simplifies immobilization of the patient's head by eliminating the need for a conventional pin-fixation frame or the Extend bite block, instead employing a mask fixation system.
The major weakness of our present study is that it was retrospective. There were considerable biases in patient selection and post-SRS observation. Another weakness is that meticulous follow-up neuroimaging data were lacking in some cases mainly due to early deterioration of the patient's general condition or death soon after treatment. A third, quite important, weakness of this study is that data on molecular subtypes and systemic anticancer agent treatments were lacking in most cases because, as noted above, systemic cancers were managed by referring physicians who worked at different facilities. Also, the limitations of 
Conclusions
No significant differences in post-3-st-GK-Tx results between the C-series and the M-series, in terms of overall survival times, neurological death, maintained neurological status, local control, repeat SRS and SRS-related complications, were detected. The previously published results of Higuchi et al. 6 are thus considered to be validated by our M-series results.
